Single-photon emission and scattering in quadratically-coupled optomechanical models 
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We present exact analytical solutions to study the coherent interaction between a single photon and the me- 
chanical motion of a membrane in quadratically-coupled optomechanics. We consider single-photon emis- 
sion when the photon is initially inside the cavity. We also consider single-photon scattering when the photon 
wavepacket is initially in the fields outside the cavity. Using our solutions, we calculate the single-photon emis- 
sion and scattering spectra, and build the connection between the spectral features and the system's inherent 
parameters, such as: the coupling strength, the mechanical frequency, and the cavity decay rate. In particular, 
we clarify the conditions for the phonon sidebands to be visible. 

PACS numbers: 42.50.Pq, 42.50.Wk, 07.10.Cm 



I. INTRODUCTION 

The coherent coupling between electromagnetic and me- 
chanical degrees of freedom via radiation pressure is at the 
heart of cavity optomechanics [ lk3]. In general, optomechan- 
ical couplings can be classified into two categories: linear or 
quadratic couplings. Namely, the coupling term is propor- 
tional to either x or x 2 (x being the mechanical displacement). 
For a mechanical resonator, the linear coupling leads to the 
displacement of its equilibrium position, while the quadratic 
coupling changes its resonant frequency. 

To understand and exploit the optomechanical couplings, it 
is highly desirable to realize the couplings in the single-photon 
strong-coupling regime, in which the couplings involving a 
single photon can produce observable effects on both mechan- 
ical and electromagnetic signals. Such a regime is important 
to test the fundamentals of quantum theory Jj-Ql and to ex- 
plore possible applications of optomechanical devices to fu- 
ture quantum technology Q8|, (2D - In the past several years, 
considerable advances have been made in the single-photon 
strong-coupling regime of linear coupling [10-21]. However, 
for the quadratic coupling, though much attention has been 
paid to this area I22U39I1 . not much work has been devoted to 
the single-photon strong-coupling regime because the attain- 
able coupling strength is weak. Interestingly, recent experi- 
ments indicate that the quadratic coupling strength can be in- 
creased significantly using a fiber cavity with a smaller mode 
size, and a smaller and lighter membrane [34]. Motivated by 
this, it is of interest to study the quadratic optomechanical 
coupling in the single-photon strong-coupling regime. 

When a quadratically-coupled optomechanical cavity 
works in the single-photon strong-coupling regime, the fre- 
quency change of the mechanical resonator induced by a sin- 
gle photon will significantly affect the cavity field, causing 
some observable features in the cavity photon spectrum. Thus, 
a natural question is how the spectrum may characterize the 
single-photon strong-coupling regime. In this paper, we an- 
swer this question by calculating analytically the spectrum of 
single-photon emission and scattering. In particular, we build 
a connection between the spectral features and the system's 



inherent parameters, such as: the coupling strength, the mem- 
brane's resonant frequency, and the cavity decay rate. We also 
clarify the condition for observing the phonon sidebands in 
the spectra. 



II. THE MODEL 

To be specific, we consider a quadratically-coupled op- 
tomechanical system with a "membrane-in-the-middle" con- 
figuration [see Fig. |TJa)], where a thin dielectric membrane 
is placed inside a Fabry-Perot cavity. We model the mov- 
ing membrane as a harmonic oscillator and focus on a single- 
mode field in the cavity. When the membrane is placed at 
a node (or antinode) of the intracavity standing wave, the 
cavity field will quadratically couple to the mechanical mo- 
tion of the membrane. The Hamiltonian (with ft — 1) of the 
quadratically-coupled optomechanical cavity is lr22ll 



H pc — <o c a a + a>Mt> b + ga a(b + b) , 



(1) 



where a (a*) and b (b 1 ) are, respectively, the annihilation (cre- 
ation) operators of the single-mode cavity field and the me- 
chanical motion of the membrane, with the respective reso- 
nant frequencies a> c and %. The third term in Eq. ([TJ de- 
scribes a quadratic optomechanical coupling with a strength g 
between the cavity field and the membrane. To keep the sta- 
bility of the membrane, the strength g should satisfy the con- 
dition (o>m + 4mg) > 0, where m is the number of the photons 
inside the cavity. 

The photon number operator a* a in Hamiltonian H opc is a 
conserved quantity, and hence for a given photon number m, 
the coupling actually takes a quadratic form mg(b J +b) 2 , which 
can be diagonalized with the single-mode squeezing transfor- 
mation. Denoting the harmonic-oscillator number states of the 
cavity and the membrane as \m) a and \n)t (m, n = 0, 1, 2, ...) re- 
spectively, then the eigensystem of the Hamiltonian H opc can 
be obtained as 



H opc \m) a \h(m)) b = (maj c 



+ »«7 + 6 {m) )\m) a \n(m)) b , (2) 
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FIG. 1. (Color online) (a) Schematic diagram of a quadratically- 
coupled optomechanical system with a "membrane-in-the-middle" 
configuration, (b) The diagram of the energy-level structure (un- 
sealed) of the optomechanical system when the cavity is in a vacuum 
or contains a single photon. 
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The m-photon squeezed number state in Eq. <j2j is defined by 



\h(m)) b = S b {rj m )\ri) b , 



(4) 



where S b(T] m ) - exp[^ i (fo 2 -fe 1 " 2 )] is a squeezing operator with 
the squeezing factor 



1 / Amg 
rj m = -In 1 + 

4 I COM 



(5) 



We note that the eigensystem of the Hamiltonian (Q]) has been 
derived in previous studies [25, 37]. In the zero-photon case, 
we have \h(0)) h - \n)b, co M - co M , and 6 (0) - 0. For con- 
venience, the energy-level structure of the system in the zero- 
and one-photon cases is shown in Fig.QJb). 

To include the dissipation of the cavity field, we assume that 
the cavity photons can couple with the outside fields through 



the coupling mirror. Without loss of generality, we model the 
environment of the cavity as a harmonic-oscillator bath. Then 
the Hamiltonian of the whole system including the optome- 
chanical cavity and the environment can be written as 



(OkC.Ckdk + £, I (ac,+ Ckcr)dk, (6) 



H = H opc + 



where the annihilation operator q describes the fcth mode of 
the outside fields with resonant frequency a>k- The coupling 
between the cavity field and the outside fields is described by 
the hopping interaction with strength £. Since the decay rate 
y m of the mechanical resonator is much smaller than the decay 
rate y c of the cavity, then during the emission and scattering 
time interval 1 jy c « t « 1 jy m , the damping of the membrane 
is negligible. In this work we take into account the dissipation 
of the cavity and neglect the mechanical dissipation. 

In the rotating frame with respect to Hq - co c a^a + 
co c J c' k Ckdk, the Hamiltonian © becomes 



Hj = (OMb 'b + ga' a(b ' +b) + 



Jo 



r\oo 

A 
Jo 



kc[c k dk 



+% I (ac, + c^a ' )dk, 



(7) 



where A* - co^ - io c is the detuning of the Mi mode pho- 
ton from the cavity frequency. The total photon number, 
Af = a'a + L c k Ckdk, in the whole system is a conserved 
quantity because of {N,H{\ - 0. Denoting \m{\))b - |w)j for 
conciseness, a general state in the single-photon subspace of 
the total system can be written as 

oo 

\<p(i)) = 2 A m (OH> fl |m) fc |0) 
=o 

°° poo 

y B mJc (t)\0) a \m) b \l k )dk, (8) 

r^ Jo 



m=0 



where |l) fl |»j)i|0) denotes the state with the cavity in the 
single-photon state |l) fl , the membrane in the single-photon 
squeezed number state \m)b (hereafter we call it as squeezed 
number state for conciseness), and the outside fields in a vac- 
uum |0). Also \0) a \m)b\lk) denotes the state with a vacuum 
cavity field |0)„, the membrane in the number state \m)b, and 
one photon in the kth mode of the outside fields 1 1*). 

We point out that these squeezed number states in Eq. ([8j 
satisfy the completeness 2m=o l m )*( m lfe = h (h is the iden- 
tity operator in the Hilbert space of mode b) and orthogo- 
nality {m\b\h)b - 5 mjl . Moreover, the overlap (m\b\h)b = 
{m\bSb(Jl\)\ri)b between the squeezed number state \h)b and the 
harmonic-oscillator number state \m)b is determined by the re- 
lation 



(m\ b S b (m)\n)b 



ymW. 



(-1/ 



(cosher 1 / 2 ^o m. 



4-i £-t iw 



(itanh?7i) 

' (n-2l)l 



i+r 



-(cosh 771) 5 m -2i\ 11-21, (9) 



where 771 = (l/4)ln(l +4g/coM) and the function Floor[x] 
gives the greatest integer less than or equal to x. 



According to Eqs. (01, (JHJ, and the Schrodinger equation 
ij t \(f{t)) - Hj\ip(t)), we obtain the equations of motion for the 
probability amplitudes 

A m (t) = - i(6 (1) + mcJV)A m (t) 

00 /-»oo 

-i%/. I {m\b\n)bB„,k(t)dk, 
B m ,k(t) = - i(A k + ma) M )B mtk (t) 

OO 

- i€^(m\ b \n)bA n (f), 

n={) 



(10a) 



(10b) 



where the single-photon coupled membrane's frequency and 



frequency shift are given by a>J - com y/1 +4-g/coM and 
6 m - (wy - o»m)/2. In addition, the coefficients {ih\b\n)b and 
{m\i,\h)b can be calculated using Eq. {9). In principle, the state 
of the whole system can be obtained by solving the equations 
of motion ( TTOb under a given initial condition. In the follow- 
ing, we will consider single-photon emission and scattering. 



III. SINGLE-PHOTON EMISSION 

In the emission case, a single photon is initially inside the 
cavity, and the outside fields are in a vacuum. Without loss 
of generality, we assume that the initial state of the membrane 
is an arbitrary number state |«o)fe- Once the solution in this 
case is obtained, the solution for the general initial membrane 
state can be obtained accordingly by superposition. For the 
initial state |l) fl |«o)fc|0), the corresponding initial condition for 
Eq. ([Tol l reads A m (0) = (m\b\no)i, and B„ uk (0) = 0. For the 
purpose of studying single-photon emission, we will focus on 
the long-time state of the system. The long-time solution for 
these probability amplitudes is A„ 0>m (oo) = and 



fi«„,„a(°°) = ), — (jj - — ,(H) 

„ =0 A k ~ S^i ~ na>)J + mu M + if 

where y c - 2n^ 2 is the cavity decay rate, and we add the 
subscript «o in A„ 0; „,(f) and B„ 0jm ^(0 to mark the membrane's 
initial state |«o)i- 

In the long-time limit, the single photon completely leaks 
out of the cavity and hence the cavity is in a vacuum 
IAno,m(°°) = 0]. The amplitude B nomk {oo) exhibits a clear 
physical picture for the single-photon emission. Specifically, 
the initial state |l) a |«o)fi can be expanded as 2^L c„ „|l) fl |n)ft, 
with c„ „ = (n\b\rto)b- For each component \l) a \n)b, the single- 
photon emission process induces the transition |l) a |«)fc — > 
\0)a\m)b- The corresponding transition amplitude is propor- 
tional to the numerator in Eq. (fill . Due to the quadratic terms 
of b and £>' in S h(Jlx), W)b an d \n)b should have the same par- 
ity, i.e., being odd or even. Consequently, the phonon num- 
ber distribution in the long-time state of the membrane will 
have the same parity as its initial component |«o)i- In addition, 
we can derive the resonant condition in this emission process 
from the energy-level structure in Fig. [3b). For the transition 
|l)al«)fe — > \0) a \m)b, the frequency of the emitted photon is 
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FIG. 2. (Color online) Single-photon emission spectrum S (At) as a 
function of A* for various values of g and y c . Panels (a-c) are plotted 
in the resolved-sideband regime (y c /a>M = 0.2), while (d) is plotted 
in the unresolved-sideband regime (y c /(t)jn = 1.5). The membrane's 
initial state is |0)&. 



co k - co c + 6 m + ncoj - ma>M, which is consistent with the 
resonance condition 

A k = s m + nd$ - mw M , (12) 

obtained from the pole of the denominator in Eq. ( ITTV 

We know from Eqs. © and (fTTT i that, corresponding to the 
initial state |l) a |«o)*l0)> the long-time state of the whole sys- 
tem is 



l^no(°°)> = 



00 _ 



B no , m ,k(oo)\0) a \m} b \l k }dk. (13) 



Therefore, when the membrane is initially in a general density 
matrix 



00 
fff\0) = J] Pm, n mm)b{n\b, 



(14) 



m,n=0 



the long-time state of the whole system can be obtained by 
superposition as 

OO 

P(°°) = J] Pm>)W«0X^M|. (15) 



m,n=() 



Here the density matrix elements are p mjl (0) - {m\bp {h \0)\n)b- 
For a pure state 10(0))/, = Ym=o c n\n)b an( l a m i xe d state 
pW(0) = Y^=aPn\ n )b{ n \b, the matrix elements are pj^(0) = 
c m c* n andp^„(0) = p n 5 m>n , respectively. 



To characterize the quadratic optomechanical coupling, a 
useful quantity is the single-photon emission spectrum, i.e., 
the probability distribution of the emitted photon. For the ini- 
tial membrane state 0141 . the emission spectrum is defined by 

S(A*) = Tr[|U><l*k>M] 

DO 

= 2 P^(0)B m ,u(-)B; u (-). (16) 

/,m,n-0 

In Fig. |2] we plot the emission spectrum S {Ak) versus the pho- 
ton frequency Aj, for various values of g and y c , when the 
membrane is initially in its ground state 10)/,. Figures J2ta-c) 
are plotted in the resolved-sideband regime % > y c 14011 so 
that the phonon sideband peaks could be used to character- 
ize the coupling strength g. When g < y c [Fig. 12a)], the 
spectrum is approximately a Lorentzian function with width 
y c and center Aj = <5 (I) . In this case, there are no sideband 
peaks in the spectrum. However, the sideband peaks become 
visible when g > y c . Physically, when the displacement of the 
membrane equals its zero-point fluctuation, the photon fre- 
quency shift induced by the quadratic optomechanical cou- 
pling is g. To resolve this frequency shift from the Lorentzian 
spectrum of a free cavity, the condition g > y c should be sat- 
isfied. Such a condition can also be understood by examining 
the height of these peaks in the spectrum. To resolve a peak 
in the spectrum, the peak height should be much higher than 
the tail of its neighboring Lorentzian. This requires g » y c 
in the resolved-sideband regime. As an example, we ana- 
lyze the special case of gl<±>M <C 1. In the resolved-sideband 
regime aj M /y c » 1 and under the initial state |0)/,, we expand 
S{Ak) up to second-order in g/u>M- Then, the height of the 
sideband peak located at A^ = £ (1) - 2cl>m can be obtained 
as S(5 m - 2u M ) * (y c /Snu 2 M )(l + &g 2 /y 2 ). Since the main 
peak of the spectrum is approximately a Lorentzian function 
S L (A k ) ~ |j[(A* - (J (1) ) 2 + y^/4]" 1 , then the requirement 



S(5 m -2u M ) 



1 + 



» 1 



n 



(17) 



leads to the condition g » y c . 

We remark that the positions of these sideband peaks in 
Fig. |2] are determined by the resonance condition (TTZt . and 
these sideband peaks are not periodic because of the differ- 
ence between arj and %. Also, for the initial state 10)/, of 
the membrane, the contributing m and n in Eq. ( fT2b should be 
even numbers due to the parity requirement. In Figs. |2ja-c), 
the peak located at A* = 5 m is the main peak (corresponding 
to the transition |l) fl |0)/, — > |0)J0)/,). Hence, we can resolve 
the main peak from the Lorentzian spectrum for a free cav- 
ity when (5 (1) > y c , which requires g > y c (\ + yd tout)- The 
peak located at A* = Sr- ' - 2um corresponds to the transition 
|l) fl |0>fe -> \0) a \2) b . Moreover, the peak located at A* = 6 m + 
2arJ — 2o>m corresponds to the transition |l) a |2)& — > |0) fl |2)/,. 
Finally, Fig.|2fd) is plotted in the unresolved-sideband regime. 
We can see from Fig.[2fd) that, though the system works in the 
single-photon strong-coupling regime, there are no sideband 
peaks in the spectrum. This fact indicates that the resolved- 
sideband regime and the single-photon strong-coupling con- 
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FIG. 3. (Color online) Single-photon emission spectrum S(A*) as a 
function of A* when the initial state of the membrane is either the 
Fock states |0)/, and |1)/,, the coherent state \fj = 1);,, or the thermal 
state p'l'(n = 1). Other parameters are y c /a> M = 0.2 and g/a) M = 0.6. 



dition are two necessary requirements for observing sideband 
peaks in the emission spectrum. 

To illustrate how the spectrum depends on the initial state 
of the membrane, we plot in Fig. [3] the spectrum S(Ak) ver- 
sus Ak when the membrane is initially in either the Fock 
states \0)b and |1)/,, the coherent state \/3 - 1)/,, or the ther- 
mal state p' h h (h - 1). For the initial state |0)/,, the main 
peak (with the location A* = 5 (1) ) in Fig. Oa) is related to 
the transition |l) fl |0)& — > |0)J0)/,. The two peaks located at 
A* = (5 (1) - 2(x>m and A* = (5 (1) + 2toJ — 2o>m correspond 
to the transitions |l> fl |0> A -> |0)J2>j and |l> a |2> 6 -> |0> a |2> 6 , 
respectively. For the initial state |1)/,, the main peak (located 



at Ak - (5 (1) + loj - cdm) in Fig. Ob) is related to the tran- 



sition |1> B |1>6 



|0) a |l)/,. The other two peaks located at 



Ak - <5 (1) + (OjJ - 3to M and A^ = 6 m + 3u)J - 3o>m correspond 
to the transitions |l> a |l> 6 -> |0> a |3> 6 and |l> a |% -> |0> a |3> fc , 
respectively. Here, Figs. [3J a ) an d (b) only show even- and 
odd-parity sideband peaks, respectively. However, the coher- 
ent and thermal states contain both odd- and even-parity num- 
ber states, and hence we can see both odd- and even-parity 
sideband peaks in Figs. [3c,d). The positions of these side- 
band peaks are consistent with those in Figs.[3fa,b). 



IV. SINGLE-PHOTON SCATTERING 

We now turn to the single-photon scattering case. In this 
case, the single photon is initially in a Lorentzian wave packet 
in the outside fields, and the cavity is in a vacuum |0) fl . We 



also assume that the membrane is initially in the number state 
\no)i,, and then the initial condition for Eq. ( fTOb becomes 



AJO) = 0, B m , k (0) : 



1 



n Ai — An + ie 



(18) 



where A ( > and e are the detuning center and spectral width of 
the photon, respectively. Based on this initial condition ( fT8l 
and Eq. ( [Tol l, the long-time solution (t s> l/y c , 1/e) of these 
probability amplitudes is A„ 0>m (oo) = and 



B,, .m,k(°°) = e 



-i{h k +miL) M )l 



1 



n Ak - Ao + /e 

1 



n Af, - [Aq + (no - m)o>m\ + ie 



: I 



ijc{m\b\n)b{n\b\ni))b 



^0 A* - 8<-V - ncJJ + mco M + if ) 



(19) 



In the long-time limit, the single photon will completely leak 
out of the cavity, and hence we have A„ 0im (°°) = 0. It can 
be seen from B„ , m ,i:( 00 ) that there are two physical processes 
in the single-photon scattering, (i) The single-photon direct- 
reflection process: the incident photon is directly reflected 
by the mirror, without entering the cavity. This process is 
described by the first term of B n0rm ^(oo). (ii) The photon- 
membrane interacting process: the single photon enters the 
cavity to couple with the moving membrane and eventually 
leaks out of the cavity via the cavity decay channel. This pro- 
cess is described by the second term (i.e., the second and third 
line) in Eq. 119) . In this process, the system experiences the 
transitions |0) a |«o)i — * |l)J w )i — > |0) a |w)&, These transitions 
are governed by the two resonance conditions 



A = V + nco\J - n u>M, 



(i) 



A* = 6 ' + ncoj - mu>M> 



(i) 



(20a) 
(20b) 



which can be derived from either the energy level structure in 
Fig- Eb) or the poles of the probability amplitude (TT9V In- 
terestingly, the second line in Eq. jl% is a Lorentzian wave 
packet with spectral width e and center A* = Ao + (no - m)co M - 
In comparison to the initial Lorentzian wave packet ([18), the 
shift of the wave packet center is equal to the energy variance 
of the membrane. Moreover, the third line in Eq. ([19} has a 
similar form as Eq. (fTTb for the single-photon emission pro- 
cess. 

The single-photon scattering spectrum can be calculated in 
terms of Eqs. (TToT l and dl9) . We see from Eq. ( [T9l that ei- 
ther the second line or the third line could cause phonon side- 
bands, and the conditions for resolving these sidebands due to 
the two lines are % > e and % > y c , respectively. Here, 
y c is the system's inherent parameter while e is an externally 
controllable parameter. In the following, we first consider the 
case of e > com > y c so that the observed sideband peaks 
are caused purely by the system inherent effect. In Fig. [H 
we plot the spectrum S (Aj) versus the photon frequency A* 
for various values of g and y c . When g < y c , there are no 
peaks in the spectrum [Fig. Sfa)]. The phonon sideband ef- 
fect can be observed in the scattering spectrum when g > y c 
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FIG. 4. (Color online) Single-photon scattering spectrum 5 (A*) ver- 
sus the photon frequency A* for various values of g and y c . Figures 
(a-c) are plotted in the resolved-sideband regime (y c /a>M = 0.2), 
while (d) is plotted in the unresolved-sideband regime (y c /a>M = 
1.5). The membrane's initial state is |0)j,. Other parameter are 
A = S (l) ande/fc> M = 1.2. 



and com > y c [Figs. |4|b,c)]. Owing to the interference be- 
tween the direct reflection process and the photon-membrane 
interacting process, there exist both peaks and dips in the 
spectrum. In Figs. |4fb,c), the dips represent the transition 
|l)a|0)i — > |0) fl |0)b, while the peaks correspond to the tran- 
sition |l) a |0)i — > |0) a |2)fe. In addition, in the unresolved- 
sideband regime (y c > com), there are no peaks even in the 
single-photon strong-coupling regime [Fig. 0d)]. 

We now consider the near-monochromatic case (e <k y c ). 
In Fig. [3 a), we plot the scattering spectrum in the case of 
y c > com and e <k com- This figure exhibits phonon side- 
band peaks, and hence indicates that com > e also provides 
the condition for observing the phonon sideband peaks due to 
the second line in Eq. jl% . We point out that this provides a 
way to characterize the coupling strength g from the scatter- 
ing spectrum in the case of y c > com- Another benefit in the 
near-monochromatic case is that we can conveniently control 
the exciting transition by choosing the frequency of the inci- 
dent photon. In Figs. |5jb,c), we choose the frequency of the 
incident photon as Ao = 6 m and Ao = 6 m +2a)L to resonantly 
excite the system from |0) a |0)j, to |l) fl |0)fc and |l) a |2)j„ respec- 
tively. In the emission process, the membrane will experi- 
ence the transitions from |0)& and |2)/, to \n)b (n = 0,2,4, ...). 
Therefore, the maximal frequency sideband peaks should be 
located at A* = £ (1) and £ (1) + 2co M , respectively. In addition, 
the period of these peaks is 2com- Similar to the emission case, 
the scattering spectrum also depends on the initial state of the 
membrane. In Fig. [3d), we plot the scattering spectrum when 
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FIG. 5. (Color online) Scattering spectrum 5 (At) versus A*. The 
panel (a) is plotted in the unresolved-sideband regime (g/u)M — 2 and 
y c /a>M = 1 -5), while panels (b-d) are plotted in the resolved-sideband 
regime (g/a>M = 0.8 and y c lu>u = 0.2). The frequency center A of 
the incident photon is S {l) + 2a> M in (c), and i5 (1) in other panels. The 
membrane's initial state is the ground state |0)z, in panels (a-c) and 
the coherent state \a = l)b in (d). The parameter e/% = 0.02. 



|0>fcto|n>6(n = 0,2,4,...). 



V. CONCLUSION AND REMARKS 

In conclusion, we have analytically studied the single- 
photon emission and scattering in a quadratically-coupled op- 
tomechanical model. By treating the optomechanical cavity 
and its environment as a whole system, we have obtained the 
emission and scattering solutions using the Laplace-transform 
method. Based on our solutions, we have calculated the emis- 
sion and scattering spectra, and indicated the connection be- 
tween the spectral features and the system's inherent parame- 
ters. In particular, we have clarified the condition under which 
phonon sideband peaks can be observed in the photon spectra. 
In the resolved-sideband regime % > y c , the phonon side- 
bands are visible when g > y c , while the condition for resolv- 
ing the photon-state frequency shift 6 (l) is g > y c {\ + j c /com)- 

Finally, we give some remarks on the quadratic coupling 
strength. Though current quadratic couplings are too weak 
to reach the single-photon strong-coupling regime, recent ad- 
vances have been made in the enhancement of this coupling 
strength. In quadratic optomechanics, the coupling strength 
is g — jto' c '(0)x^ f , where x zp f is the zero-point fluctuation 

of the mechanical membrane, and w"(0) = ¥4 ■ \ x= q, with 
u) c (x) being the jc-dependent cavity frequency. Recently, the 
value of w'.'(0) has been increased significantly from about 
30 MHz/nm 2 |H3] to 20 GHz/nm 2 Q using a fiber cavity 
with a smaller mode size. For a x zp f ~ 5 pm, suggested in 
Ref. J22I1 . the coupling strength g can reach several kHz. In 
addition, a recent proposal [41 ] estimated a quadratic coupling 
g ~ 2jt x 0.7 MHz in a near-field optomechanical system. 



the membrane's initial state is coherent state \a - 1)&. Though 
the initial coherent state contains both even- and odd-parity 
states, the spectrum only exhibits similar peaks as those in 
Fig.|5jb). This is because the incident photon (with Ao = 5 (1) ) 
only resonantly excites the mirror from |0),?, to |0)/,; other tran- 
sitions from \n)b to \h')b («, n' - 1, 2, 3, ..., with the same par- 
ity) are significantly suppressed due to the large detuning. A 
further photon emission process induces the transitions from 
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